How Dead are Dead Galaxies? Mid-Infrared Fluxes of Quiescent Galaxies at Redshift 0.3< Z< 2.5: Implications for Star Formation Rates and Dust Heating by Pacifici, Camilla et al.
ar
X
iv
:1
30
8.
41
32
v1
  [
as
tro
-p
h.
C
O
]  
19
 A
ug
 2
01
3
Submitted to ApJ
Preprint typeset using LATEX style emulateapj v. 5/2/11
HOW DEAD ARE DEAD GALAXIES? MID-INFRARED FLUXES OF QUIESCENT GALAXIES AT REDSHIFT
0.3 < Z < 2.5: IMPLICATIONS FOR STAR FORMATION RATES AND DUST HEATING.
Mattia Fumagalli1, Ivo Labbe´1, Shannon G. Patel1, Marijn Franx1, Pieter van Dokkum2, Gabriel Brammer3,
Elisabete da Cunha4, Natascha M. Fo¨rster Schreiber5, Mariska Kriek6, Ryan Quadri7, Hans-Walter Rix4,
David Wake8, Katherine E. Whitaker9, Britt Lundgren8, Danilo Marchesini10, Michael Maseda4, Ivelina
Momcheva2, Erica Nelson2, Camilla Pacifici11, Rosalind E. Skelton12
Submitted to ApJ
ABSTRACT
We investigate star formation rates of quiescent galaxies at high redshift (0.3 < z < 2.5) using
3D-HST WFC3 grism spectroscopy and Spitzer mid-infrared data. We select quiescent galaxies on
the basis of the widely used UVJ color-color criteria. Spectral energy distribution ﬁtting (rest frame
optical and near-IR) indicates very low star formation rates for quiescent galaxies (sSFR ∼ 10−12yr−1).
However, SED ﬁtting can miss star formation if it is hidden behind high dust obscuration and ionizing
radiation is re-emitted in the mid-infrared. It is therefore fundamental to measure the dust-obscured
SFRs with a mid-IR indicator. We stack the MIPS-24μm images of quiescent objects in ﬁve redshift
bins centered on z = 0.5, 0.9, 1.2, 1.7, 2.2 and perform aperture photometry. Including direct 24μm
detections, we ﬁnd sSFR ∼ 10−11.9 × (1 + z)4yr−1. These values are higher than those indicated
by SED ﬁtting, but at each redshift they are 20-40 times lower than those of typical star forming
galaxies. The true SFRs of quiescent galaxies might be even lower, as we show that the mid-IR ﬂuxes
can be due to processes unrelated to ongoing star formation, such as cirrus dust heated by old stellar
populations and circumstellar dust. Our measurements show that star formation quenching is very
eﬃcient at every redshift. The measured SFR values are at z > 1.5 marginally consistent with the
ones expected from gas recycling (assuming that mass loss from evolved stars refuels star formation)
and well above that at lower redshifts.
Subject headings: galaxies: evolution galaxies: formation galaxies: high-redshift
1. INTRODUCTION
A bimodal distribution in galaxy properties (star for-
mation rate, size, morphology) has been observed in the
local Universe (e.g. Kauﬀmann et al. 2003). This bi-
modality is made of blue, predominantly late-type galax-
ies, whose emission is dominated by young stellar pop-
ulations and experiencing signiﬁcant level of star forma-
tion (SF), complemented by red, early-type (elliptical or
S0) galaxies dominated by an old stellar population with
little or absent star formation.
The bimodality has been observed all the way to z ∼ 2
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(Labbe´ et al. 2005, Kriek et al. 2006, Ilbert et al. 2010,
Brammer et al. 2011, Whitaker et al. 2013).
Speciﬁc star formation rates from SED ﬁtting and
equivalent widths from emission lines indicate for qui-
escent galaxies very low values (log10sSFR · yr < −12)
even at high redshift (Ciambur et al. 2013, Kriek et al.
2006, Whitaker et al. 2013), suggesting that these galax-
ies are really dead.
These levels of star formation are much lower than ex-
pected. Even if the galaxy would have stopped accreting
new gas from the intergalactic medium, some gas should
always become available again for star formation due to
gas recycled from evolved stages of stellar evolution (e.g.
Leitner & Kravtsov, 2010). If the low levels of star forma-
tion are conﬁrmed, it could have important implications
for gas recycling and the eﬀectiveness of quenching at
high redshift. Alternatively, it is possible that amounts
of star formation have been overlooked in previous stud-
ies because of heavy obscuration by dust.
To address this question, in this paper we determine
the obscured SFRs of quiescent galaxies up to redshift
z ∼ 2.5 using their 24μm emission. In Section 2, we
discuss the data. In Section 3, we describe the selec-
tion of QGs, and compare their star formation rates
from optical and near-IR SED ﬁtting to the values ex-
pected from the recycling of gas from mass loss. We
additionally evaluate how much obscured star formation
might be hidden in our selection: this proves the need
of looking at a mid-IR indicator for SFR. In Section 4,
we stack 24μm thumbnails of QGs in order to measure
their obscured SFR. We evaluate possible contributions
to the mid-IR ﬂuxes of QGs in Section 5. We discuss
https://ntrs.nasa.gov/search.jsp?R=20140010880 2019-08-31T19:24:48+00:00Z
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Fig. 1.— UVJ selection in diﬀerent redshift bins, for mass selected samples (log(M/M) > 10.3). The Whitaker et al. (2012) boundary
divides (solid black line) quiescent and star forming galaxies. SFGs are subdivided into dusty (U− V > 1.5, purple dots) and unobscured
(U− V < 1.5, blue dots). QGs are color coded according to the presence of a 24μm detection. We notice that 24μm detected galaxies do
not preferentially lie in a particular locus of the UVJ diagram.
our ﬁndings in Section 6 and summarize them in Section
7. Through the paper we assume a standard cosmology
with H0 = 70km s
−1Mpc−1, ΩM = 0.30, and ΩΛ = 0.30.
2. DATA
The 3D-HST Survey (van Dokkum et al. 2011; Bram-
mer et al. 2012) is a 600 arcmin2 survey using the Hub-
ble Space Telescope (HST) to obtain complete, unbiased
low-resolution near-IR spectra for thousands of galaxies.
(Cycles 18 and 19, PI: van Dokkum).
It targets ﬁve ﬁelds (COSMOS, GOODS-S, GOODS-
N13, AEGIS, UDS) where a wealth of ancillary multi-
wavelength data is available (U band to 24μm); they are
crucial for interpreting spectra that often contain a single
emission line, if any. The 3D-HST photometric catalogue
is described in Skelton et al. (2013, in prep).
The WFC3 grism spectra have been extracted with a
custom pipeline, described in Momcheva et al. (2013,
in prep). Redshifts have been measured via the com-
bined photometric and spectroscopic information using a
13 GOODS-N has been taken as part of program GO-11600 (PI:
B. Weiner) and integrated into 3D-HST
modied version of the EAZY code (Brammer et al. 2008).
The precision of redshifts is proven do be σ( dz1+z ) = 0.3%
(Brammer et al. 2012, Momcheva et al. 2013).
Accurate redshifts allow the derivation of accurate rest-
frame ﬂuxes: we interpolate rest-frame ﬁlters from the
observed SED with the Inter-rest code (Taylor et al.,
2009), based on the algorithm by Rudnick et al (2003).
Stellar masses have been determined using the FAST
code by Kriek et al. (2009), using Bruzual & Char-
lot (2003) models, and assuming exponentially declining
SFHs, solar metallicity and a Chabrier (2003) IMF.
In this paper we restrict the analysis to the GOODS-N
and GOODS-S ﬁelds, for which very deep Spitzer-MIPS
(S24 = 10μJy, 3 σ) data are available (Dickinson et al.,
2003), necessary for inferring low levels of SF. The MIPS
24μm beam has a FWHM of 6 arcsec, therefore confu-
sion and blending eﬀects are unavoidable in deep obser-
vations at this resolution. We perform photometry using
a source-ﬁtting algorithm (Labbe´ et al. 2006, Wuyts et
al. 2007) that takes advantage of the higher resolution
information contained in the F140W and F160W images.
Total IR luminosities (LIR = L(8− 1000μm)) were de-
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quiescent galaxies (divided according to the presence of a 24μm detection) at redshift 0.3 < z < 2.5. Light lines indicate the scatter in the
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rived from the observed 24μm ﬂuxes, on the basis of
a single template that is the average of Dale & Helou
(2002) templates with 1 < α < 2.5, following Wuyts et al.
(2008) (see also Franx et al. 2008, Muzzin et al. 2010),
and in good agreement with recent Herschel/PACS mea-
surements by Wuyts et al. (2011). SFRs are determined
from the IR emission as in Kennicutt (1998) (adopted
for a Chabrier IMF): SFR(IR) = 0.98× 10−10LIR. This
quantity accounts properly just for obscured SF.
On the 3D-HST GOODS ﬁelds extremely deep X-ray
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data is also available, 4Ms in CDF-South (see Xue et
al. 2011), and 2Ms in CDF-North (see Alexander et al.
2003), that we use for identifying bright AGNs.
3. SAMPLE SELECTION AND MOTIVATIONS OF THE
STUDY
3.1. Selection of Quiescent Galaxies
In order to select quiescent galaxies (QGs) we use a
color-color technique (Figure 1), speciﬁcally rest-frame
U-V versus rest-frame V-J (hereafter: UVJ diagram).
This technique has been widely used to distinguish QGs
from SFGs, including the heavily reddened SFGs (Labbe´
et al. 2005; Wuyts et al. 2007; Williams et al. 2009;
Brammer et al. 2009; Whitaker et al. 2010; Patel et
al. 2012; Bell et al. 2012; Gobat et al. 2013). QGs are
identiﬁed using the criteria (U − V ) > 0.8 × (V − J) +
0.7, U − V > 1.3 and V − J < 1.5, as in Whitaker et
al. (2012) 14. Eﬀectively, this selection targets galaxies
whose optical and near-IR light is dominated by an old
stellar population. We select galaxies more massive than
log(M/M) > 10.3 and divide the sample in ﬁve redshift
bins, centered on z = 0.5, 0.9, 1.2, 1.7, 2.2. At each
redshift the QG sample consists of at least 50 galaxies
(Table 1).
3.2. Spectra and SEDs of the sample
In Figure 2 we show stacked optical spectra of
QGs and SFGs from 3DHST in mass selected samples
(log(M/M) > 10.3). SFGs are subdivided into blue
SFG (U − V < 1.5) and dust reddened SFGs (U − V >
1.5).
QGs are subdivided according to the presence of a
MIPS 24μm detection. As noted by other authors (e.g.
Brammer et al. 2009, Barro et al. 2013), approximately
25% of optically selected QGs have a 24μm detection,
which is in apparent contrast with the red optical colors
and the SEDs. We also notice that 24μm detected QGs
do not lie preferentially in any locus of the UVJ diagram
(green dots in Figure 1).
The spectra in Figure 2 clearly show that the UVJ se-
lection is eﬃcient in dividing the two populations; the
SFG selection includes the heavy dust reddened SFGs,
that despite red U-V colors, show spectral features (Hα,
D4000) characteristic of SFGs. It is also noteworthy to
see that QGs with 24μm detections have some Hα and
[OIII] (cfr. Whitaker et al. 2013), that indicate the pres-
ence of low level star formation and/or nuclear activity.
Figure 3 shows composite SEDs (following the method-
ology of Kriek et al. 2011) for SFGs (divided into blue
and dusty) and QGs (divided according to the presence
of a 24μm detection). The SED shapes of star form-
ing galaxies, dusty star forming galaxies and quiescent
galaxies are clearly diﬀerent. The rest-frame optical and
near-IR SEDs of QGs with and without 24μm detection
are instead very similar.
3.3. SFRs from SED ﬁtting and expectations from gas
recycling
We ﬁrst analyze the speciﬁc star formation rates from
the SED ﬁts to the UV-optical and near-IR photometry
(see Section 2). The values are shown against redshift for
the quiescent galaxies in Figure 4 (grey dots and black
line). The median value is sSFR = 1.7× 10−12yr−1, and
the correlation with redshift is weak. These values com-
pare well with those of Ciambur et al (2013), who used
a similar method. No signiﬁcative diﬀerence in the SED
derived SFRs is seen if we split the quiescent population
between galaxies with and without a 24μm detection.
The low star formation rates can be compared to the
stellar mass loss from evolved stellar populations (Par-
14 We test the stability of the selection by shifting the box by
±0.05 magnitude, which does not aﬀect the analysis.
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Errors on the stacks are computed through bootstrapping of the sample.
riott & Bregmann, 2008; Leitner & Kravtsov, 2010).
Green dots in Figure 4 represent for the QG sample
the sSFR expected from stellar mass loss, assuming that
100% of the gas expelled from old stars is recycled into
star formation. Mass loss is computed directly from Mgas
of the BC03 models at the best ﬁt age of the galaxy, given
the best ﬁt τ model. The expected sSFR from gas recy-
cling is 2 − 4 × 10−11yr−1, with a weak redshift depen-
dence. It overpredicts the sSFR from optical and near-IR
SED ﬁtting of more than one order of magnitude.
The discrepancy between the two values at each red-
shift tells us that one of the following options must hold
true:
• a mechanism able to prevent the cooling of gas ex-
pelled from old stars and therefore the fueling of
new SF exists, or
• SFRs from optical and near-IR best ﬁtting are un-
derestimated (and a lot of star formation shows up
in the mid-IR).
In the rest of the paper we test the latter possibility
measuring SFRs in the mid-IR, in order to prove the
former.
3.4. How much star formation could be hidden?
We evaluate how much SF a galaxy can hide (with
high dust obscuration), while still retaining red optical-
NIR colors. We stack the rest frame SEDs of QGs and
dusty SFGs in diﬀerent redshift bins; to each QG SED
we add a variable fraction (normalized in light at 6000A˚,
FSFG) of the dusty SFG SED. Figure 5 shows the position
in the UVJ diagram of the QGs stacks (red), the dusty
SFGs stacks (purple) and the SED with FSFG = 30%
(orange), on the UVJ separation border. Adding a 30%
dusty SFG SED to our typical QG SED would keep such
a galaxy as quiescent under our selection criteria despite
the non-negligible contribution of obscured star forma-
tion. Since the SFR of the average SFG evolves with red-
shift, FSFG = 30% corresponds to sSFR ∼ 8×10
−11yr−1
at z = 0.5 and sSFR ∼ 3 × 10−10yr−1 at z = 2.2. This
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shows that with high dust content, a red (optical and
near-IR) galaxy can hide a signiﬁcant amount of SF. It
is therefore necessary to measure SFR from MIR indi-
cators in order to evaluate the SFRs of QGs. There is
also a potential for entirely obscured populations with
AV  5, which are known to exist the the centres of lo-
cal dusty starbursting galaxies (e.g. Arp 220, Sturm et
al. 1996).
4. MEASURING OBSCURED STAR FORMATION RATES
OF QUIESCENT GALAXIES
In this Section we discuss the star formation rates de-
termined from the IR emission with the methodology
described in Section 2. In Figure 6 we plot the rela-
tion between stellar mass and SFR for galaxies in the
mass-selected sample. As already noticed by various au-
thors using a variety of SFR indicators (e.g. Noeske et
al. 2007, Damen et al. 2009, Whitaker et al. 2012),
SFRs and masses of SFGs are correlated (light blue dots),
with a scatter of approximately 0.3 dex. The vast ma-
jority of the QGs lies in this plane below the ’star form-
ing main sequence’. Most of the QGs are undetected in
the MIPS 24μm at 3σ (red dots), while some of them
(approximately 25 %, Table 1) have a 24μm detection
(green dots), placing them in the Mass-SFR plane be-
tween SFGs and the detection limit.
In order to measure the SFRs for QGs, we stack 24μm
thumbnails. We emphasize that in this step we stack
cleaned images (20” wide), where neighboring sources
have been subtracted with the technique described in
the Data section. Summing original 24μm thumbnails
would lead to a stack with a very poorly constrained
background, raised by the presence of neighboring ob-
jects. Since the goal of this paper is to measure very low
SFRs with accuracy, it is fundamental to perform pho-
tometry on a stacked image with small uncertainty on
the background (as shown in Figure 7).
We perform an average-stacking15 in diﬀerent redshift
bins, for two samples: all QGs and only non-24-μm
15 Using instead median stacks does not modify the conclusions
of the paper.
detected QGs. Photometry on the stack is performed
within a 3 arcsec aperture. Aperture ﬂuxes are con-
verted to total ﬂuxes using a correction based on the
MIPS 24μm PSF growth curve in the MIPS handbook
(Ftot = 2.5× F3′′ ).
We obtain mostly clear detections with signal-to-noise
of 3–5, and ﬂuxes F24μm = 1 − 3μJy, corresponding
to SFR ∼ 0.3-3 M/yr. We summarize the measured
stacked ﬂuxes in Table 1. Errors on the stacks are mea-
sured through bootstrapping of the sources. In Figure
6 we overplot with large yellow dots the SFR obtained
from all QGs (big yellow dots) and non-24-μm detected
galaxies (big red dots), representative of the deadest frac-
tion of the galaxy population (this deﬁnition of ’quiescent
galaxy’ is the same as in Bell et al. 2012).
Despite the diﬀerent sample selection (all QGs or just
QGs non detected in 24μm), it is evident that at each
redshift the average QGs has a SFR which is at least
∼ 20− 40 times lower than the ones on the ’star forming
sequence’.
In Figure 8 (left panel) we show the redshift evolution
of SFRs of SFGs and QGs. We plot speciﬁc star for-
mation rates (sSFR = SFR/M∗) since it is more mildly
dependent on stellar mass than SFR itself. As noted by
previous studies (e.g. Damen et al. 2010, Whitaker et
al. 2012, Karim et al. 2012, Fumagalli et al. 2012), the
evolution of sSFR in redshift for star forming galaxies is
well ﬁt by a power law (1 + z)n where n ∼ 3 − 4. At
each redshift QGs have a sSFR at least 20 times lower
than SFGs. The evolution with redshift of sSFR of QGs
seems to resemble the evolution of SFGs. At redshift
z ∼ 2, QGs form 10 times more stars than at redshift
z ∼ 0.5.
In Figure 9 we show for our samples the ratio
of the average SFR of QGs to the average SFR of
SFGs at the same redshift. For quiescent galaxies
undetected in 24μm, the mean value of the ratio is
〈SFRQG〉/〈SFRSFG〉 = 1/(45 ± 11) while for the entire
sample it is 〈SFRQG〉/〈SFRSFG〉 = 1/(22± 7). This con-
ﬁrms that at each redshift quenching of star formation is
very eﬃcent.
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Fig. 9.— Ratio of the average SFR of QGs to the average SFR
of SFGs at the same redshift. Red dots represent QGs which are
individually undetected in 24μm, while yellow dots represent all
QGs. For the two samples, the average ratio is respectively 1/(45±
11) and 1/(22 ± 7). These ratios are possibly even lower because
for QGs IR inferred SFRs can be signiﬁcantely contaminated by
other sources of dust heating (Section 5).
For QGs the SFRs inferred from the IR emission are
generally an order of magnitude larger than those in-
ferred from stellar population modeling (black dashed
line in Figure 8, left panel). At the highest redshifts
they are similar to the values predicted by the recycling
of mass loss (green dashed line in Figure 8, left panel),
while at redshift lower than 1.5 they are signiﬁcantely
lower than those.
5. OTHER POSSIBLE CONTRIBUTIONS TO L(IR)
Strictly should be that the IR-inferred SFRs for QGs
are upper limits, because of contributions of AGNs, AGB
stars and dust heating from old stellar populations to the
IR ﬂuxes. We treat each of these components separately
in the following Subsections and compare their contribu-
tions to L(IR) with the observed stacked values of L(IR)
in the Discussion Section.
5.1. AGN
We evaluate the possible contribution of AGNs by
stacking X-rays thumbnails (from the CDF-S 4Ms and
CDF-N 2Ms) of the QGs in diﬀerent redshift bins. Mul-
laney et al. 2011 demonstrates (Equation 4) the existence
of a linear relation between the X-ray luminosity L(Xray)
and L(IR) for a sample of local AGNs. After subtracting
individually detected X-ray point sources (marked with
orange stars in Figure 6), we obtain marginal detections
(2 − 3σ) ranging from LX ∼ 3.8 × 10
40erg/s 16 in the
lowest redshift bin to LX ∼ 2.0×10
41erg/s in the highest
redshift bin. Converting the obtained X-ray luminosities
to IR luminosities with the Mullaney relation, we obtain
the grey line in Figure 8 (right panel). It lies three orders
of magnitude below the observed L(IR)/M∗
17. Olsen et
al. (2012) suggest that at redshift z ∼ 2 most QGs host
a low-luminosity AGN, comparing SFR inferred from IR
and X-rays. The two results are not in contradiction:
even though AGNs can exist in those galaxies, they do
not dominate the IR emission because of their low lu-
minosity. Other studies (Donley et al. 2008; Kartaltepe
et al. 2010) have already pointed out that systems with
24μm ﬂux dominated by AGNs are not the dominant
population at low L(IR).
5.2. Circumstellar dust
16 X-rays luminosities are evaluated assuming a power law spec-
trum with Γ = 1.8
17 A high fraction of Compton-thick AGNs in the sample would
originate an higher IR luminosity inferred from X-ray stacks. The
percentage of Compton-thick AGNs is however poorly constrained
at high redshift (e.g. Akylas et al. 2012).
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AGB stars are known to evolve embedded in a circum-
stellar dusty envelope (e.g. Bressan et al. 1998, Lancon
& Mouhcine 2002, Piovan et al. 2003). They are the
dominant source of the rest-frame K-band luminosity be-
tween 0.1 and 1.5 Gyr of age (Kelson & Holden 2010) and
signiﬁcantly contribute to MIR emission, but their dust
contribution is not included in classical optical-near in-
frared SED ﬁtting (Bruzual & Charlot 2003, Maraston
2005). We evaluate the contribution to L(IR) with the
new Charlot & Bruzual 2010 model (CB2010) of an SSP
with solar metallicity (private communication). Given
galaxy ages from the FAST best ﬁts (see Section 2, and
Whitaker et al. 2013, in press), for each galaxy in our
QG sample we estimate the observed 24μm ﬂux from the
CB2010 model and convert it to L(IR) with the same re-
lation of Wuyts et al. (2008).
5.3. Cirrus dust
Another possible contribution to L(IR) is dust heat-
ing from old stellar populations. Salim et al. (2009)
concludes that, for a sample of 24μm detected galaxies
in the DEEP2 survey (0.2 < z < 1.0), the bulk of IR
emission in red (NUV-r) galaxies comes from the heat-
ing of diﬀuse cirrus dust by old stellar populations, rather
than by dust heating in star-forming regions. We test if
this holds true for the galaxies in our sample as follows.
Given the stellar population parameters from the FAST
best-ﬁt to the SEDs (age, τ , AV ), we evaluate the lumi-
nosity absorbed at λ < 1μm integrating the diﬀerence
between the unattenuated and the attenuated synthetic
SED, and assume it is re-emitted in the IR (see Charlot
& Fall 2000, Da Cunha et al. 2008).
We then compare the model L(IR) predicted by the
attenuated SED with the best ﬁt SFR. If L(IR) origi-
nates in dust associated with star-forming regions, we
expect the ratio L(IR)/SFR to be ∼ 9.8 × 109L/M
(Kennicutt, 1998). Figure 10 shows that SFGs (blue)
are consistent with this prediction. On the other hand,
for QGs (red points) L(IR) is systematically higher than
the expectations from dust heating in star forming re-
gions. This indicates that in QGs a signiﬁcant contribu-
tion to L(IR) comes from dust heated by old stellar pop-
ulations. Inferring SFR from L(IR) (and therefore from
24μm ﬂuxes) overestimates the real SFR of QGs. For
each galaxy in the QG sample we estimate the expected
L(IR) luminosity from circumstellar dust, and compute
the mean value in diﬀerent redshift bins.
6. DISCUSSION
As we have seen above, various processes other than
star formation can contribute to the observed mid-IR
ﬂux. We next discuss the impact on the derived SFRs.
Moreover, we put constraints on the mass growth of QGs
implied by the measured SFRs and on their size growth
implied by the stellar mass loss.
In Figure 8 (right panel) we show the approximate evo-
lution of LIR/M∗, for data (dashed lines) and models
(thick solid lines). We saw earlier that observations of
L(IR) are based on the extrapolation of the single band
24μm to L(IR) assuming a template for dust heating by
star forming regions (Section 2). Model predictions esti-
mate that the AGN contribution (grey line) to the L(IR)
is negligible for our sample, while the model expecta-
tion for L(IR) from cirrus dust (green) and circumstellar
-13 -12 -11 -10 -9
sSFR (SED)
8
9
10
11
12
LO
G
 L
(IR
)/S
FR
SFG
QG
Kennicutt 1998
Fig. 10.— Model predictions of L(IR)/SFR, for QGs (red) and
SFGs (blue). L(IR) is reconstructed assuming that the light ab-
sorbed by dust at UV-optical wavelengths is re-emitted in the IR
(Section 5). For SFGs the ratio is comparable to the Kennicutt
(1998) relation (black line), while for QGs L(IR) are systemati-
cally higher than the expectations from SFR, meaning that for
QGs most of dust heating comes from old stellar populations.
dust (orange) is comparable to the observed values from
stacking. We note that qualitatively both of them de-
crease towards lower redshift, respectively because of the
aging of galaxies (which leads to lower contribution of
AGB stars in the SED) and because of higher AV and
lower ages at higher redshifts (which leads to more ab-
sorbed optical light re-emitted in the IR in the younger
Universe).
If SFRs from SED ﬁtting are correct, their contribution
to L(IR) (black line in Figure 8, right panel) would be 1
dex lower than the observed L(IR), while dust heated by
old stellar population can accountf for the most of the
observed luminosities.
All the measured values from 24μm stacks must there-
fore be considered as upper limits to the SFR. At each
redshift, the mean QG has a SFR at least ∼20-40 times
lower than that of a SFG at the same redshift. These val-
ues are signiﬁcantly higher than estimates based on op-
tical and near-IR model ﬁts (see Section 3 and Ciambur,
Kauﬀman & Wuyts 2013).
Integrating the sSFR(IR)-z trend of Figure 8 (left), we
estimate that the maximum growth of a QG via star
formation is 20% from redshift 2 to 0. Some authors
(e.g. van Dokkum et al. 2010, Patel et al. 2012) have
estimated that a present day 1011.2 M galaxy has to
grow 60% of its mass from redshift z ∼ 1.75 to z ∼ 0.
We show that star formation can not be responsible for
all the stellar growth of QGs, while other mechanisms
must be in place, such as minor merging. The limit we
compute on the mass increase via star formation is more
stringent than that computed by Pe´rez-Gonza´lez et al.
(2008), who estimates that massive spheroid-like galaxies
may have doubled (at the most) their stellar mass from
redshift 2 to 0.
The SFRs expected from stellar mass loss are probably
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much higher than the real SFRs of QGs, meaning that
star formation from mass loss is ineﬃcient. If mass loss
from evolved stars is not converted into stars and gas
is expelled from the galaxy, an interesting consequence
is that the potential of the system becomes shallower
and the system expands (Zhao et al. 2002, Murray et
al. 2010). In brief (following Damjanov et al., 2009),
if a system loses a fraction δM/M of its mass in a time
longer than a dynamical timescale, it will expand its ra-
dius by a factor of δR/R ∼ (1− δM/M)−1. The modeled
mass losses for galaxies in our sample (Figure 4) inte-
grated over the redshift range 0 to 2 give δM/M ≈ 0.4,
which leads to δR/R ≈ 0.6. The observed size growth
of quiescent galaxies from redshift 2 to 0 amounts to a
factor of 2-3 (e.g. Williams et al. 2010, Newman et al.
2012, Whitaker et al. 2012), therefore mass loss can not
be its unique cause but only one of the concurrent ones
(see also Damjanov et al., 2009). We note that the as-
sumed mass loss depends on the absolute ages of galaxies
at each redshift, which are very uncertain.
7. CONCLUSIONS
We select quiescent galaxies at redshift 0.3 < z < 2.5
in the 3D-HST survey from their rest-frame optical and
near-IR colors. Fitting their UV to near-IR photome-
try with stellar population models, we ﬁnd very low star
formation rates (sSFR ∼ 10−12yr−1). These values are
much lower than the stellar mass loss rates predicted by
the same models. This suggests that the star formation
is either missed because it is dust obscured, or that the
gas from stellar mass loss is expelled from the galaxy or
prevented from refuelling star formation.
We put upper limits on the obscured star formation
rate of quiescent galaxies by stacking 24μm images. In-
cluding direct 24μm detections, we ﬁnd that sSFR(IR) ≤
10−11.9 × (1 + z)4yr−1. At each redshift the sSFR of
quiescent galaxies is ∼ 20-40 times lower than the typi-
cal value on the main sequence of star forming galaxies.
SFRs of quiescent galaxies are possibly even lower than
this, because the IR luminosity can also be due to other
sources, such as the presence of AGB dust enshrouded
stars and dust heating from older stellar populations.
Stacks of longer wavelength data (such as from Herschel)
are necessary for constraining the dust temperature and
therefore distinguishing between the diﬀerent contribu-
tions to L(IR), however a large sample may be necessary
to achieve adequate S/N (e.g. Viero et al. 2013). We
show nevertheless that dust heating from old stellar pop-
ulations can account for most of the observed L(IR).
The observed SFR(IR) are therefore upper limits to
the real SFR, which are possibly one order of magnitude
lower. This means that there must be a mechanism that
not only shuts down star formation, but also keeps the
galaxy dead for a long period of time, preventing the
ejected gas from cooling and forming new stars. If gas
from mass-loss is expelled from galaxies, we predict that
it is responsible of a growth in stellar radii of 60% from
redshift 2 to 0.
We acknowledge funding from ERC grant HIGHZ no.
227749. This work is based on observations taken by the
3D-HST Treasury Program (GO 12177 and 12328) with
the NASA/ESA HST, which is operated by the Asso-
ciation of Universities for Research in Astronomy, Inc.,
under NASA contract NAS5-26555.
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TABLE 1
Properties of Stacks
Redshift NQG F(24μm)QG SFR(IR)QG NQG,no24μm F(24μm)QG,no24μm SFR(IR)QG,no24μm
0.3-0.7 97 2.83± 0.91μJy 0.14± 0.04M/yr 67 5.66± 0.40μJy 0.28± 0.02M/yr
0.7-1.1 154 3.04± 0.51μJy 0.37± 0.06M/yr 108 4.89± 0.56μJy 0.85± 0.10M/yr
1.1-1.5 84 3.27± 1.26μJy 1.29± 0.49M/yr 58 6.90± 1.29μJy 2.72± 0.51M/yr
1.5-2.0 72 2.20± 1.16μJy 1.45± 0.77M/yr 51 5.01± 1.32μJy 3.40± 0.90M/yr
2.0-2.5 35 2.33± 0.89μJy 2.82± 1.08M/yr 25 5.29± 1.32μJy 6.52± 1.63M/yr
For diﬀerent redshift bins: number of galaxies in the quiescent sample (QG) and quiescent sample without 24μm detection (QG,no24μm),
along with their stacked 24m ﬂuxes, and the implied SFR from IR emission.
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